We developed a method for polyacrylamide gel electrophoresis of whole cells of Actinomyces spp. The major advantage of this methad is its ease of operation since it obviates the need for the preparation of bacterial extracts. Whole-cell samples were prepared by incubating washed, packed cells in 6 M urea at 37°C for 24 h. The results of disc gel electrophoresis of these whole-cell samples were compared with the results of electrophoresis of soluble protein extracts of the bacteria run under the same conditions. A large number of bands were obtained with the whole-cell preparations, and these bands were resolved better than bands obtained with the protein extracts. A total of 22 strains of Actinomyces spp. were examined by polyacrylamide gel electrophoresis of urea-treated whole cells. A cluster analysis of the polyacrylamide gel electrophoresis band patterns showed that the strains clustered first according to serotype and then according to species. Overall, two main divisions were identified, one containing Actinomyces bovis, Actinomyces odontolyticus, and Actinontyces israelii and one containing Actinomyces viscosus and Actinomyces naeslurtdii. This method should be a valuable tool in studying the taxonomy of Actinomyces spp.
(9, the specific epithet Actinomyces meyeri has been revived (3), and three new animal species, Actinomyces denticolens (7), Actinornyces howellii (8), and Actinomyces hordeovulneris (2), have been described. A number of problems in the classification of Actinomyces remain. Many normal flora isolates from oral cavities cannot be placed in a species and several studies raise questions concerning some of the species divisions given in Bergey's Manual.
Two numerical taxonomy studies (10, 16) suggest that Actinomyces israelii may deserve recognition as a separate genus. These studies and others (6, 9) raise questions concerning the species Actinomyces naeslundii and Actinomyces viscosus. A. naeslundii and A . viscosus are closely related phenotypically, demonstrating about the same degree ofrelatedness in numerical studies as the two serotypes of A. israelii do (10) . Rodent strains of A. viscosus are different from human isolates serologically and in some other ways. Simply combining A. naeslundii and A. viscosus into a single species does not appear to solve the problem since subclusters within each species occur in numerical studies (9, 10, 16) . Deoxyribonucleic acid (DNA)-DNA homology studies support division of A. naeslundii and A . viscosus into two species and separation of rodent and human isolates of A. viscosus (6) .
Polyacrylamide gel electrophoresis (PAGE) could prove to be valuable in answering these taxonomic questions. PAGE of soluble proteins can be used to differentiate closely related bacteria (1, 11, 13, 17) and has been used to show differences among strains of Actinomyces spp. (7, 8 , 13) . Taxonomic groupings based on PAGE of proteins closely resemble groupings based on DNA-DNA homology data (1, 15) .
This study was designed to develop a simple method for PAGE analysis of Actinomyces spp. proteins. We devised a method in which urea-treated whole cells were used; this * Corresponding author.
method gives results comparable to those obtained with soluble protein fractions of the bacteria.
MATERIALS AND METHODS
Bacterial strains and growth conditions. A total of 22 strains representing five Actinomyces species were used in this study (Table 1) . These strains were serotyped in our laboratory by using the fluorescent antibody technique. For electrophoresis, cultures were grown for 5 days at 37°C in brain heart infusion broth (BBL Microbiology Systems, Cockeysville, Md.) containing 0.1% Tween 80. The bacteria were harvested by centrifugation and washed three times in 64 mM tris(hydroxymethy1)aminomethane buffer (pH 8.3).
Preparation of soluble protein fractions. Approximately 10 ml of washed, packed cells was mixed with 2.0 ml of glass beads (diameter, 0.1 mm) and disrupted with a Braun homogenizer (B. Braun Melsungen AG, West Germany) maintained at 4°C. The glass beads were removed by centrifugation at 1,500 x g for 15 min. Cell wall debris was removed by centrifugation at 5,000 x g for 30 min. The supernatant was then centrifuged at 40,000 X g for 30 min, and the resulting soluble protein fraction was divided into 4.0-ml volumes and frozen at -80°C.
To prepare the samples for electrophoresis, a sample of the soluble protein was thawed, 160 pl of a 0.9 M glacial acetic acid solution was added, and the acid-insoluble proteins were removed by centrifugation at 100 x g for 10 min. The protein concentrations of the supernatants were determined by the method of Lowry et al. (12) . A volume equal to 250 pg of acid-soluble protein was combined with an equal volume of 0.5% HGT agarose (SeaKem; FMC Corp., Rockland, Maine). This stacking gel was then layered on polymerized polyacrylamide gels and allowed to harden. Two gels were prepared for each sample.
Preparation of whole-cell samples. A measured volume of washed, packed cells was mixed with an equal volume of 6.4 M urea and blended with a Vortex mixer to suspend the cells. The urea-cell mixture was incubated at 37°C for 24 h. For electrophoresis, 100 pl of the urea-whole-cell suspension was added to an equal volume of 0.5% HGT agarose. The stacking gel mixture was layered over the polymerized electrophoresis gels and allowed to harden Two gels were prepared for each strain.
Electrophoresis. Initial experiments demonstrated that, for Actinomyces spp., increased resolution and more bands could be obtained with acidic gels than with alkaline gels. Consequently, the polyacrylamide gel system was prepared by the method of Panyim and Chalkley (14), using 15.0% polyacrylamide gels in 6.25 M urea at a final pH of 3.2. Pararosaniline hydrochloride suspended in 20% (wt/vol) glycerol in 0.9 M glacial acetic acid was layered on top of the stacking gels so that the course of migration could be followed duping electrophoresis. Each electrophoresis run included two preparations of horse cytochrome c (5.0% in 0.9 M glacial acetic acid) to serve as the unity value for relative migration (R,) normalization.
A total of 18 tube gels were placed in a model 155 dectrophoresis cell (Bio-Rad Laboratories, Richmond, Calif,) which was constantly cooled to 10°C by a circulating water bath (Brinkmann Instruments Inc., Long Island,
N.Y.).
A glacial acetic acid (0.9 M) running buffer was used in both the upper and lower chambers. Electrophoresis was performed at a constant current of 0.44 mA/tube by using a Biochrom 2103 power supply (LKB Instruments Inc., Rockville, Md.) set at 50 W, lOV, and 8 mA until the band of cytochrome c was within 1.0 cm of the end of the gel. The gels were stained for 3 days in Spencer reagent (4, 19) and then destained for 3 days in a model 172A diffusion destainer (Bio-Rad) containing 5.0% glacial acetic acid.
Data analysis. The PAGE band patterns were observed on a light table (Ednalite Corp., Peekskill, N.Y.) with a green and yellow filter combination and were drawn onto centimeter graph paper for measurements. The distances migrated by the bands were divided by the distance migrated by the cytochrome c, yielding R, values. This normalization of band patterns allowed inter-and intrarun comparisons. The band patterns were then redrawn onto centimeter graph paper by using the normalized R , values.
A composite gel pattern of all of the bands of the 22 strains was drawn. The band pattern data were then reduced to a binary code, with 1 denoting the presence of a band and 0 denoting the absence of a band. Cluster analysis was performed by using the Numerical Taxonomy System of Multivariate Statistical Program network (State University of New York at Stony Brook/West Virginia University Computer Network System). This analysis incorporated a rectangular 22-by -72 matrix and the unweighted pair group method, using arithmetic averages. The 22 strains were clustered in decreasing order of similarity by using the calculated cophenetic correlation coefficients, a mathematical expression of degree of similarity.
RESULTS
The PAGE patterns obtained from the soluble protein extracts and from the urea-treated whole-cell preparations are shown in Fig. 1 . Some common bands were obtained with the two systems, but a number of high-molecularweight proteins not observed in the extract patterns appeared with the whole-cell system. Smeared bands were resolved into discrete bands when the whole-cell preparations were used. Nearly identical staining intensity of common bands was observed when 100 pl of a whole-cell preparation or 250 pg of soluble protein was used. We found that the degree of breakage was difficult to control in preparing the protein extracts and that proteolysis occurred in these extracts due to bacterial enzymes. Protease inhibitors were not satisfactory in controlling this proteolysis. Storage of the extracts as frozen samples was the best method of preserving the proteins.
The most consistent electrophoresis results were obtained with the urea-treated whole cells. The reproducibility of the whole-cell PAGE system was tested by (i) using different preparations of a single strain (strain WVU 626) grown in different batches of culture medium, (ii) running identical gels in different positions in the electrophoresis chamber, (iii) incubating the cells in urea for 48 h instead of 24 h, and (iv) freezing the urea-whole-cell preparation before electrophoresis. Almost identical band patterns were obtained with the different growth preparations and with the different urea treatments, and identical band patterns were produced when samples were run in different locations in the electrophoresis chamber (data not shown).
The band patterns obtained from PAGE of whole cells of 22 Actinomyces spp. strains are shown in Fig. 2 and 3 . One band common to the genus (Rm, 0.70) could be identified. In addition, seven species-specific bands were identified, one in Actinomyces bovis ( R m , 0.62), two in Actinomyces odontolyticus (Rm, 0.30 and 0.42), one in A . israelii (Rm, 11 was an A . viscosus species-specific band; and the bands at R,,, at values of 0.025 and 0.28 were A . naeslundii species-specific bands. INT. J. SYST. BACTERIOL. Although species differences could be identified by visually examining the protein band patterns, these differences were more evident after a computerized cluster analysis of the data. The dendogram obtained from the cluster analysis is shown in Fig. 4 . The strains clustered first according to serotype and then according to species. Finally, they clustered into two major divisions, one containing A . bovis, A . odontolyticus, and A . israelii and the second containing A . iiiscosus and A . naeslundii. A . bovis was more closely related to A . uduntolyticus than either of these species was 1.0 A . israelii. A . viscosus and A . naeslundii grouped together, but the linkage level (73%) was less than that of the other major grouping (78%).
Since preparation of the dendogram in Fig. 4 , an additional analysis of data obtained from different preparations of some of the same strains and from some additional strains has shown that the groupings reported here are reproducible. For example, additional strains of A . bovis serotype 1 were iidentical to the two strains (strains WVU 116T and WVU 386) previously tested. These strains showed 81% similarity ,with A . odontolyticus. Similarly, two additional strains of A . viscosus serotype 1 clustered with strain WVU 745T at the '38% level, and the cluster joined the A . viscosus serotype 2 Isluster at a similarity level of 84%.
DISCUSSION
PAGE of cellular protein preparations yields information (concerning essentially the entire population of proteins of a microorganism and gives information roughly equivalent to that obtained in DNA-DNA homology studies (1, 15) . Established PAGE techniques include preparation of a soluble protein fraction of the organism for electrophoresis. The technique described here eliminates this step and substitutes incubation of washed, whole cells in 6 M urea to release cellular contents. Microscopic observations showed that urea potentiated cellular swelling. Cell contents were probably released by denaturation of structural proteins, leading to loss of integrity of the cell wall. Additionally, as urea equilibrium was reached, the osmotic concentration within the cells would have exceeded that of the medium, favoring water movement into the cells. With Actinomyces spp., whole-cell preparations gave more bands which were better resolved than those obtained with protein extract preparations. The major advantage of the whole-cell system is ease of operation since it eliminates the need for extract preparation.
PAGE of soluble proteins has been used previously to show similarities and differences among strains of Actinornyces spp. (7, 8, 13 ). Dent and Williams (7, 8) first recognized that the strains now classified as A . denticolens and A . howellii are different from typical A . naeslundii by observing band patterns after sodium dodecyl sulfate-PAGE. In the present study 22 strains representing five Actinomyces species were classified according to their urea-whole-cell PAGE patterns. When a cluster analysis of the band patterns was performed, the strains clustered first into serotypes and then into species as determined by other methods. Too few strains have been studied to use these data to address the classification problems in the genus, but our results indicate that PAGE of whole-cell preparations is a useful tool for classifying Actinomyces spp. The data available do show that the serotypes of A . naeslundii are less closely related than those of A . israelii and A . odontolyticus. Even the serotypes of A . viscosus which probably represent different species are slightly more closely related (85%) than are the serotypes of A . naeslundii (82 to 83%). This suggests that there are additional species among the strains now classified as A . naeslundii.
